Identification of N 2 origins can help to reduce exploration risks and to improve the understanding of gas generation and accumulation. N 2 from the mantle and organic matter in basins cannot be unraveled by using δ 15 N ratios alone, due to overlapping δ 15 N signatures. In this paper, we comprehensively studied N 2 , Ar,
INTRODUCTION
Natural gas commonly implies methane with more or less admixtures of other gaseous hydrocarbons, carbon dioxide, nitrogen, hydrogen sulphide and traces of noble gases like He, Ne and Ar. In a substantial number of natural gas accumulations, however, methane constitutes only a minor percentage. In certain regions these 'anomalous' natural gases, e.g. with high CO 2 , N 2 or H 2 S contents, represent a serious exploration risk. These gases are still a possible key to an improved understanding of the mechanisms of formation and compositional evolution of natural gas accumulations on the geologic time scale and therefore are valuable study objects. The improved understanding is not merely a scientific challenge but will have economic consequences in the prediction of natural gas compositions and minimization of exploration risk Dai et al., 2009) .
Nitrogen is stable under most crustal conditions as N 2 and is a common component of crustal fluids (Ferry and Baumgartner, 1987; Duit et al., 1986; Pitcairna et al., 2005) . Therefore, the occurrence of nitrogen-rich natural gases constitutes a worldwide phenomenon. Gases with high nitrogen contents had been found in Estonia, Sweden, Ural-Volga, Texas, Kansas, California, and Colorado (Maksimow et al., 1976; Jenden et al., 1988; Krooss et al., 1995) . Maksimow et al. (1976) presented compositional data on natural gases of the Ural-Volga basin which show nitrogen contents between 85 and 100%. Krooss et al. (1995) and Zhu et al. (2000) reviewed the mechanisms for N 2 formation and their geochemical characteristics. In rift basins, there are at least four potential N 2 origins mantle-derived, atmospheric, organic and inorganic in sedimentary rocks Zhu et al., 2000; Kotarba et al., 2008) . Nitrogen from the MORB mantle (MM) and degassed mantle (DM) can be characterized by δ
15 N values of -5‰ (Marty and Humbert 1997; Cartigny et al., 1997; Sano et al., 2001; Palot et al., 2009) and -15‰ (Clor et al., 2005 and Elkins et al., 2006) , respectively. N 2 from immature and mature organic matter presents δ 15 N values of -19‰ to -10 ‰ and -10 to -2 ‰, respectively (Zhu et al., 2000) . Atmospheric N 2 shows δ 15 N ratios around 0 ‰ (Zhu et al., 2000; Elkins et al., 2006) . Therefore, nitrogen cannot be distinguished between mantle-derived and organic origins and between their mixtures with atmospheric origin, on the basis of δ 15 N values alone. In this paper, the comprehensive study of molecular and isotopic composition data demonstrated that the combination of δ 15 N, N 2 / 3 He and other isotopic data provide a powerful diagnostic tool for identifying nitrogen origins and revealed that atmospheric, organic and mantle-derived sources provided remarkable contributions to the natural gases in the Dongtai Depression of the Subei Basin.
GEOLOGICAL SETTING
The Subei Basin is one of the petroliferous rift basins in East China. The Dongtai Depression of this basin was selected to conduct this research, due to abundant hydrocarbons and nitrogen, and frequent mantle-derived fluid activities. The Subei Basin is situated in the northern part of the Yangtze River Delta. It is one of the rift basins in East China which present mantle-derived features of He isotopic ratios (Xu, 1996; Zhang et al., 2009) . This basin was formed by downwarping and rifting, characterized by a 'three-layer' structural pattern. The lower layer consists of a late Cretaceous-early Paleogene depression filled with lacustrine deposits, the middle is composed of a series of middle-late Paleogene rifts filled with alluvial-fluviallacustrine deposits, and the upper consists of an early Neogene depression in which fluvial-lacustrine systems are developed (Chen and Tang, 2007) . The size and framework of this basin changed in different stages of evolution. The present size is about 130000 km 2 , merely outlined on the Tertiary unified entity composed of Paleogene downfaults and Neogene downwarps. The basin consists of the Dongtai Depression in the south, Yanfu Depression in the north and Jianhu Uplift in the center. Oil and gas have been found mainly in the Dongtai Depression (Fig. 1 , Yang et al., 2006) . This depression is composed of sags and arches. Most of the sags are halfgrabens with south-eastern faulted margins. Among them, the Jinhu, Gaoyou and Qintong Sags are petroliferous (Fig. 1) . The source rocks are dark mudstones and marlites in the second member of the Upper-Cretaceous Taizhou Formation (K 2t   2 ), the second and fourth members of the Paleogene Funing Formation (E 1f 2 and E 1f 4 ) (Fig. 2, Wang, 2005) . Hydrocarbons migrated and accumulated mainly at the late Paleocene (43-37 Ma). Faults, sandstones and unconformities are the major migration pathways of oil/gas. Five reservoir-seal assemblages are developed in the depression. Reservoirs are mainly deposited in fluvial, deltaic and subaqueous fan systems during the periods of K 2t 1 , E 1f
1 , E 1f 3 , E 2d and E 2s deposition (Fig. 2 , Chen and Tang, 2007) . Figure 2 . The stratigraphic column of the Subei Basin, eastern China (adapted from Yang et al., 2001 There exist the Tanlu and Yanjiang Deep Faults, which cut to the mantle, in the western and southern margins of the basin (Fig. 1 , Yang et al., 2001) . Faults in the Dongtai Depression are so developed that the structures of the depression are very complex. Oil and gas are entrapped mainly in structural traps (Qiu, 2003) .
Since the beginning of K 2t deposition, the depression kept on subsiding. Till the end of Paleocene (47.8 Ma), the Wubao structural movement triggered uplifting and erosion. Then the depression re-subsided. In the middle and at the end of Eocene (37.3 and 23.2 Ma), the Zhenwu and Sanduo movements occurred and resulted in uplifting and erosion twice (Chen, 2002) . In these structural movements, slopes of half-grabens (sags) were uplifted more greatly than deep parts near sag margin faults. The differential uplifting and erosion might have influenced organic matter maturation and hydrocarbon migration.
The Mesozoic-Cenozoic volcanisms were frequent and very intensive (Fig. 2) . A large volume of basic volcanics were developed within the Mesozoic-Cenozoic sedimentary succession. Most of igneous rocks are basalt and diabase. The magma activities occurred in four main periods: 1) Late Cretaceous-Early Paleogene (K 2t -E 1f ) when volcanism of olivine basalt took place mainly in the Jinhu Sag and the western part of the Gaoyou Sag, 2) Late Paleogene (E 2d -E 2s ) when basic volcanic activities occurred and resulted mainly in olivine basalt in the Gaoyou, Qintong and Hai'an Sags, 3) Early Neogene (N 1y ) when calcalkali-basic volcanic activities occurred mainly in the Gaoyou and Qintong sags, and 4) Late Neogene-Quaternary when calcalkali basalt was formed in the Tanlu deep fault belt in western margin of the basin (Yang et al., 2001) . Generally, the earlier valcanic activities were more intensive and formed much thicker volcanics than the later (Wu et al., 1999) . While and after magma activities took place, mantle-derived fluids with high 3 He/ 4 He values also entered the basin. Six mantlederived CO 2 pools are distributed along the Yanjiang Deep Fault and the south-eastern margin faults of the Jinhu, Gaoyou and Qintong Sags (Yang et al., 2001) .
SAMPLE COLLECTION AND ANALYSIS
A total of 37 gas samples were taken at wellheads of production wells in the Jinhu, Gaoyou and Qintong Sags, and in the Yanjiang Deep Fault Belt, using special steel cylinders. These samples and their locations are summarized in Table 1 and shown in Figure 1 .
Molecular and isotopic analyses were carried out at the Key Laboratory of Petroleum Resource, Institute of Geology and Geophysics, Chinese Academy of Science. Molecular composition of the gas samples (Table 1) was measured using a gas chromatograph equipped with flame ionization and thermal conductivity detectors (Qin et al., 2009; 2010) . The analytical errors are less than 1% for normal components (abundance>1%) and less than 5% for trace components. Carbon and nitrogen isotopes were tested by compound specific isotope analysis using a Finnigan MAT Delta Plus XP mass spectrometer interfaced with a HP6890 gas chromatograph. Accuracy and reproducibility of δ 13 C values are ±0.2‰ in reference to the international carbonate standard VPDB (Pee Dee Belemnite). The results of stable nitrogen isotope analysis are presented in the δ-notation relative to air nitrogen standard. The analytical precision of δ 15 N values is about ±0.4‰. He isotopic ratios were determined by using a VG5400 mass spectrometer. Accuracy and reproducibility of 3 He/ 4 He values are ±0.009×10 -6 to ±0.08×10 -6 depending on 3 He/ 4 He values; the relative error is <5%. 
REAULTS AND DISCUSSIONS 4.1. Molecular composition
The analytical results indicate that hydrocarbons, nitrogen and carbon dioxide are the major components of the gases in the Dongtai Depression (Table 1 ). The mean values of gas contents in Table 1 indicate that nitrogen is the second main component. Nitrogen occurs in the analysed natural gases in concentrations from 0.22 to 85.9%. The samples with high N 2 contents (> 50%) are distributed in the slope areas of the Jinhu and Gaoyou Sags, and in the south-eastern faulted margins of the Gaoyou and Qintong Sags (Fig. 1) . Figure 3 shows that most samples contain more hydrocarbons (C 1+ ) and nitrogen than carbon dioxide. Although six CO 2 pools have been found in the depression (Fang et al., 2001) , there are only four samples with the CO 2 contents above 40% located in the Huangqiao Gasfield and Qintong Sag (Table 1 and Fig. 1 ).
Nitrogen is a major component of air. Air contamination can greatly change N 2 contents and isotopic ratios and thus influence identification of N 2 origins, if it occurred in sample collecting and processing. O 2 contents, N 2 /O 2 and He/Ar ratios have been used to identify samples compromised by air contamination (Elkins et al., 2006) . In Table 1 , there are only three samples (Nos. 7, 13 and 18) which can meet the contamination criterion of He/Ar <0.036 and seem severely contaminated by air. However, these samples with higher N 2 contents than 78.1% (N 2 content in air) and lower O 2 contents than 20.9% (O 2 content in air) that result in much high N 2 /O 2 ratios (7.1-43.7) compared with the air N 2 /O 2 ratio (3.74) indicate that the nitrogen in these samples is not derived from air contamination.
Ar and Ar/N 2 are helpful for identification of the gases from the atmospheric origin, due to the air contains much Ar and N 2 . The Ar contents of the analyzed gas samples are from 0.003% to 0.99%. The Ar contents of some samples (Table 1) are close to the Ar content in air (0.93%). Figures 4a and b shows the relationships among N 2 , Ar and Ar/N 2 of the gases in the Dongtai Depression. Ar contents go up with increase of N 2 . When N 2 > 50% and Ar > 0.2%, Ar/N 2 ratios are approaching to the air ratio with increase of N 2 and Ar contents. Therefore, some nitrogen may be atmospheric in origin. Entrapment of atmospheric nitrogen has been proposed as an explanation for the occurrence of nitrogen-rich reservoirs (Marty et al., 1988; Krooss et al., 1995) . One mechanism envisaged for the process of nitrogen accumulation is the transport in meteoric water with subsequent exsolution at elevated temperatures, which are elementally fractionated from the air pattern according to their dissolution properties (Bräuer et al., 2004) . Aqueous solubility (0.38 -0.82×10 -3 mol/l, at 0-25°C) is the limiting factor for the quantities of nitrogen that can be transported by this mechanism. Marty et al. (1988) suggested that transport of air microbubbles, which is much more effective, can account for most of the nitrogen found in the Dogger limestone reservoir of the Paris Basin. In this process, O 2 can be reduced in basin environments but N 2 /Ar (or Ar/N 2 ) ratios have the features of unfractionated air (Bräuer et al., 2004) . Therefore, Figure 4 may imply that the nitrogen in some samples with N 2 >50% was resulted from air microbubbles.
However, there is not an obvious trend from helium-enriched gases to the air endmember in the ternary N 2 -Ar-He plot (Fig. 5 ) that can provide some information about their origins (Bräuer et al., 2004) , even though several samples are close to the line of the air N 2 /Ar ratio. Instead, most samples are located above this line, indicating excess N 2 relative to the air N 2 /Ar ratio. The excess N 2 of these samples might have resulted from the origins other than atmospheric such as mantle-derived and organic. 
Isotopic composition
Origins of molecular nitrogen can be determined by using stable isotopic data (Stahl, 1977; Prasolov, 1990; Ballentine and Sherwood Lollar, 2002; Kotarba and Nagao, 2008) , on the basis of analyses of N 2 origins and their isotopic characteristics. N 2 origins include mantle-derived, atmospheric, radiogenic, organic and inorganic in sedimentary rocks Zhu et al., 2000; Bräuer et al., 2004; Kotarba et al., 2008) . The bulk of the earth's nitrogen resides in the mantle, whereas the atmosphere constitutes the reservoir with the highest nitrogen concentration of all the geospheres . Nitrogen is widespread in sedimentary and low grade metasedimentary rocks due to decomposition of N-bearing organic matter and minerals Boyd, 2001; Pitcairna et al., 2005; Kotarba and Nagao, 2008) . In the course of coalification of 1 kg of humic coals, about 3.5 dm 3 of N 2 can be produced. Sapropelic organic matter is richer in nitrogen components, therefore much more molecular nitrogen can be produced than from humic matter (Kotarba and Nagao, 2008) . Most source rocks in the Dongtai Depression contain Types I and II 1 Kerogen (Fang et al., 2008) and thus sapropelic organic matter is rich in the depression. Ammonium can be fully incorporated into the crystal structure of K + aluminosilicates such as K-feldspar and K-micas (Pitcairna et al., 2005) . Nitrogen concentrations of sedimentary rocks and low-grade metasedimentary rocks are thus determined by two influences: organic contents in sediments; and extent of ammonium substitution for potassium in clay minerals and other K-aluminosilicates (Bebout and Fogel, 1992) .
There are two formation mechanisms for radiogenic N 2 . The exoenergetic reaction of boron ( 11 B) with α-particles (helium nuclei) yields the 14 N isotope and a neutron, whereas 15 N isotope results from the endoenergetic reaction of 12 C with α-particles. However, the nitrogen quantities generated by these two mechanisms are actually lower by several orders of magnitude and thus radiogenic formation of nitrogen is considered to be of very subordinate importance in the subsurface . Therefore, radiogenic nitrogen was excluded in this study.
Nitrogen from the MORB mantle and air can be characterized by δ
15
N values of -5±2‰ (Marty and Humbert, 1997; Cartigny et al., 1997; Sano et al., 2001; Palot et al., 2009 ) and 0‰ (Zhu et al., 2000; Elkins et al., 2006) , respectively. Nitrogen from sedimentary organic matter has the δ 15 N signatures similar to mantle-derived nitrogen.
Values of -10‰≤δ
15 N N2 ≤-2‰ may also indicate that N 2 originates from mature and high mature organic matter (R o =0.6-2.0%, Zhu et al., 2000) . N 2 with -19‰≤δ 15 N N2 ≤-10‰ may be from organic matter at immature and early mature stages (R o <0.6%).
Isotopic range of inorganic origin N 2 in sediments is defined as enriched in 15 N (+7 ± 4‰), based on N isotope studies of sediments with various degrees of metamorphism and recent sediments (Haendel et al., 1986; Bebout and Fogel, 1992; Boyd, 2001; Boyd and Pillinger, 1994; Bebout, 1995; Kienast, 2000) . The δ 15 N ratios of gases in the Dongtai Depression (from -11.9 to 0.8 ‰, refer to Table 2 ) are not so high as those of inorganic origin N 2 in sediments. Therefore, the contribution of this origin can be ignored. In the δ 15 N histogram for the analyzed gases in the Dongtai Depression (Fig. 6 ), all the samples except one (No. 15 in Table 2 ) constitute two populations with their limit of -2.2‰. These two populations may reflect at least two origins of nitrogen in the depression. The population with δ 15 N values of -2.2~ 0.8‰ (Fig. 6 ) is probably atmospheric in origin. The samples with N 2 > 80 % belong to this population (Tables  1 and 2 ). The other population with δ 15 N of -7.3 ~ -2.2 ‰ may reflect mantle-derived or organic origin and their mixtures with atmospheric origin, according to nitrogen isotopic characteristics of these origins mentioned above. Most samples with R/Ra > 1 (Table 2 ) seemingly support mantle origin. However, N 2 can be produced in great quantities during thermogenic transformation of organic matter Kotarba and Nagao, 2008) . The organic matter in the Dongtai Depression can be a potential source of N 2 , due to R o values of 0.4~1.5% (Yao et al., 2005) and Type I-II 1 kerogens (Fang et al., 2008) . Therefore, the N 2 origin of the population with δ 15 N of -7.3 ~ -2.2 ‰ cannot simply be determined on the basis of δ 15 N, R/Ra and Ro values. Although helium isotopic data do not directly show N 2 origins, they can help us to distinguish between a mantle-derived and an organic component as their N 2 / 3 He values are much different. The δ 15 N~N 2 / 3 He diagram (Sano et al., 2001; Bräuer et al., 2004 ) has proven to be useful to recognize atmospheric, mantle-derived and inorganic nitrogen in sediments. In this diagram, a three component system is usually assumed, with the endmembers mantle, sediment and air. As inorganic nitrogen from sediments can be excluded in this study, we use a two component system with endmembers air and mantle. Our data are presented in such a N 2 / 3 He-δ 15 N diagram (Fig. 7a) . It is unexpected that the data do not fit the two component model with the MORB mantle (MM) endmember of δ 15 N=-5‰ (Marty and Humbert 1997; Cartigny et al., 1997; Sano et al., 2001; Elkins et al., 2006; Palot et al., 2009) . The MM endmember composition could be improper (Clor et al., 2005) . Elkins et al. (2006) have investigated this possibility by selecting -15‰ for the δ 15 N value of the degassed mantle (DM). Figure 7b shows the results from using the DM endmember value (Mohapatra and Murty, 2004; Elkins et al., 2006) . The fitness of the model was appreciably improved by changing the mantle endmember. The samples along the mantle/air-mixing line and near the air endmember (Fig. 7b) , which belong to the population with δ 15 N values around 0 ‰ in Figure 6 , are considered to be mainly atmospheric in origin. According to the mixing model shown in Figure 7b , the mixing percentages of air N 2 in the samples of this population is above 99%. The corresponding nitrogen contents can be greater than 80% (Tables 1 and 2 ). Atmospheric nitrogen was not considered as the main source for nitrogen in natural gas accumulations (Hoering and Moore, 1958; Bokhoven and Theeuween, 1966; Maksimov et al., 1975; Krooss et al., 1995; Littke et al., 1995) . Therefore, the discovery of atmospheric N 2 with high contents in gas reservoirs provides a new clue to improve the understanding of natural gas and to study meteoric water and its influence on hydrocarbons in basins. Sano et al. (2001) , Bräuer et al. (2004) and Elkins et al. (2006) . (a) Mixing line calculated using a mantle δ 15 N=-5‰; (b) using a mantle δ 15 N=-15‰.
Most samples from the population with δ 15 N of -7.3 ~ -2.2 ‰ in Figure 6 still lie to the left of the mantle/air-mixing line in contrast to Sano et al. (2001) Figure 7b . The samples to the left of the mantle/air-mixing line in Figure 7b , which constitute a point group, has the N 2 / 3 He ratios of 1.1×10 7 to 9.4×10 9 . These N 2 / 3 He values show characteristics of the crust which are much higher than the N 2 / 3 He ratios of the mantle (8.9×10 5 , Sano et al., 2001) . Therefore, there is a remarkable contribution of organic origin to natural gases in the depression. The source rocks with sapropelic organic matter in the depression (Fang et al., 2008) supports organic contribution. As the N 2 / 3 He ratio of the organic origin endmember is indefinite, this organic contribution cannot be quantificationally studied. But it can be assumed that the organic endmember be located above the point group in Figure 7b . According to this assumption, sample of No.20 with 18.78% N 2 (Table1) should contain the most nitrogen resulted from organic matter. Therefore, the contents of the nitrogen from the organic matter in the Dongtai Depression are most probably less than 20 %. Samples of Nos. 6 and 38 (Fig. 7b ) contain 57.6 and 66.07 % of nitrogen respectively (Table 1 ). The nitrogen of these two samples should not be only organic in origin, due to source rocks with sapropelic organic matter generate much more hydrocarbons than nitrogen. If the nitrogen contents of these two samples are subtracted from the maximum content of nitrogen from organic matter (20 %), the nitrogen of more than 37.6 -46.07 % in these two samples were from air and mantle. According to the mixing model in Figure 7b , more than 25~37% of nitrogen in the sample of No. 38 is atmospheric, and more than 9~21% from the mantle. Similar contributions of these three origins can be obtained for the samples with the same N 2 / 3 He ratio as sample of No. 38 or with lower N 2 / 3 He ratios. Therefore, most samples from the population with δ 15 N of -7.3 ~ -2.2 ‰ in Figure 6 represent the mixtures of atmospheric, organic and mantle-derived nitrogen.
Although samples of Nos. 1 and 2 (Table 1 ) also belong to the population with δ 15 N of -7.3 ~ -2.2 ‰ in Figure 6 , they are distributed along the mantle/air-mixing line in Figure 7b . Evidently, they fit the two component system with endmembers air and mantle. These two samples were taken from the Huangqiao Gas-field. In this field, the contents of hydrocarbons are very low (Table 1 ). The contribution of nitrogen generated from organic matter is little, due to nitrogen originated from organic matter coexists with thermogenic hydrocarbons. According to the mixing model shown in Figure 7b , 87% of the nitrogen in the sample of No. 1 is atmospheric, and 13% from the mantle. For the sample of No.2, 74% of nitrogen was from the air, and 26% from the mantle. The sample of No. 15 (Tables 1 and 2 ) is the lowest in δ 15 N and does not belong to the two populations in Figure 6 . Its δ 15 N (-11.9‰) and N 2 / 3 He (1.9×10 8 ) ratios show that the nitrogen was from the mantle and organic matter at immature or early mature stages (R o <0.6%, Zhu et al., 2000) .
As mentioned above, hydrocarbons are the major components of the gases in the depression. Thermogenic hydrocarbons have been found empirically and experimentally to display a 13 C enrichment pattern with increasing carbon numbers for the C 1 -C 4 alkanes. This pattern is ubiquitous among thermogenically-derived gases and is considered to be diagnostic of gases produced by the thermal decomposition of high molecular-mass organic matter Jin et al., 2009) . Table 2 displays a 13 C enrichment trend for C 1 -C 4 . Another criterion for hydrocarbon origin recognition is that δ 13 C of thermogenic methane is less than -25 or -30‰ whereas abiogenic is greater than those values (Schoell, 1983; Dai, 1988; Jenden et al., 1993; . In Table 2 , all the δ 13 C ratios of methane are less than -30‰. Therefore, gaseous hydrocarbons in the depression are mainly thermogenic. In this case, δ 13 C ratios of methane can reflect maturity of organic matter (Lu and Zhang, 2008) . The correlation between N 2 and δ 13 C CH4 in Figure 8a supports the contribution of organic origin further.
In Figure 8b , N 2 contents are very low when R/Ra ratios are above 3. And N 2 is negatively correlative to R/Ra if the point group in the lower left of this figure is not included. These features show that the more intense mantle-derived fluid activity was, the less nitrogen is. High R/Ra ratios with low N 2 contents imply that nitrogen of the natural gases in the Dongtai Depression was not mainly derived from the mantle. Figure 8 . Plots of N 2 -R/Ra and N 2 -δ 13 C 1 of the gas samples from the Subei Basin. δ 13 C 1 represents carbon isotopic ratios of methane.
CONCLUSIONS
The Subei Basin is one of petroliferous rift basins in East China. In this basin, there are abundant basic volcanics and mantle-derived fluids. Its complex geological conditions resulted in difficulties in recognition of N 2 origins. In this study, we measured molecular and stable isotopic (carbon, nitrogen and helium) compositions of gases in the Dongtai Depression of the basin. Nitrogen, whose contents range from 0.2 to 85.9%, is the second major component of the gases. Some samples have the air N 2 /Ar ratio with very high nitrogen contents but others are excess relative to this ratio. 15 N values from -7.3 to -2.2 ‰. Its samples lie to the left of the mantle/air-mixing line with the N 2 / 3 He ratios (1.1×10 7 to 9.4×10 9 ) much higher than the mantle value (8.9×10 5 ) in the δ 15 N~N 2 / 3 He diagram. The latter population represents the mixtures of atmospheric, organic and mantle-derived nitrogen. The discovery of atmospheric N 2 with high contents in gas reservoirs in the depression may help to improve the understanding of natural gas and to reveal meteoric water and its influence on hydrocarbons in basins.
